The double-strand break (DSB) is believed to be one of the most severe types of DNA damage, and if left unrepaired is lethal to the cell. Several different types of repair act on the DSB. The most important in mammalian cells are nonhomologous end-joining (NHEJ) and homologous recombination repair (HRR). NHEJ is the predominant type of DSB repair in mammalian cells, as opposed to lower eucaryotes, but HRR has recently been implicated in critical cell signaling and regulatory functions that are essential for cell viability. Whereas NHEJ repair appears constitutive, HRR is regulated by the cell cycle and inducible signal transduction pathways. More is known about the molecular details of NHEJ than HRR in mammalian cells. This review focuses on the mechanisms and regulation of DSB repair in mammalian cells, the signaling pathways that regulate these processes and the potential crosstalk between NHEJ and HRR, and between repair and other stress-induced pathways with emphasis on the regulatory circuitry associated with the ataxia telangiectasia mutated (ATM) protein.
Introduction
Mammalian cells have evolved a number of repair systems to deal with various types of DNA damage and to maintain genomic integrity (Friedberg et al., 1995) . The double-strand break (DSB) is generally regarded as the most toxic of all DNA lesions. DSBs are induced by a number of different mechanisms, including exposure to ionizing radiation (IR) and radiomimetic drugs, collapse of replication forks when the replication machinery encounters single-stranded breaks (SSBs) in the template DNA, and programmed cleavage by specific endonucleases during meiotic recombination and immunoglobulin gene rearrangement (Haber, 2000; Karran, 2000; Norbury and Hickson, 2001; Bassing et al., 2002b) . Errors in DSB repair, in addition to generating small deletion or insertion mutations at the site of the DSBs, can also result in chromosome translocations and genomic instability that could lead to malignancy (Elliott and Jasin, 2002; Thompson and Schild, 2002) . In addition, DSBs are potent triggers of cell cycle arrest and apoptosis under certain circumstances (Jackson, 2001; Norbury and Hickson, 2001) . Specific cellular surveillance proteins appear to determine cell fate and the balance between cell cycle arrest, DNA repair and apoptosis (Dasika et al., 1999; Bernstein et al., 2002) , such as the protein mutated in ataxia telangiectasia (ATM), ATM-and RAD3-related (ATR), and DNA-PK (Abraham, 2001; Durocher and Jackson, 2001 ). In addition, the tumor suppressors P53, BRCA1, and BRCA2 are also important for DSB repair (Khanna and Jackson, 2001) , and all three have broad effects on cellular physiology and genomic stability. In the recent past, a number of reviews have covered DSB repair and radiation-induced signaling in mammalian cells Kanaar et al., 1998; Dasika et al., 1999; Schmidt-Ullrich et al., 2000; Durocher and Jackson, 2001; Jackson, 2001; Johnson and Jasin, 2001; Khanna and Jackson, 2001; Thompson and Schild, 2001; Daboussi et al., 2002; Rouse and Jackson, 2002) . In this review, we focus on the regulation and mechanisms of mammalian DSB repair, the signaling pathways that are involved, and the interplay between different types of DSB repair and other stress-induced pathways, with emphasis on ATM and its effectors in response to IR.
There are two major types of DSB repair pathwayshomologous recombination repair (HRR) and nonhomologous end-joining (NHEJ). A third type, singlestrand annealing (SSA), shares components with both NHEJ and HRR. HRR is divided further into gene conversion with or without crossing-over, and breakinduced replication Haber, 2000) . The fundamental difference between HRR and NHEJ is the dependence on DNA homology in the former. NHEJ uses little to no sequence homology in a process that may or may not be error-free. The relative contribution of each of these types of repair in mammalian DSB repair is controversial Haber, 2000; Johnson and Jasin, 2001 ), but it is generally believed that NHEJ plays a more important role than HRR in mitotically replicating cells (Jackson and Jeggo, 1995) . HRR may play a more prominent role during meiosis and when sister chromatids are available during late S and G2 stages of the cell cycle (Haber, 2000; Morrison et al., 2000) , whereas NHEJ is more important during G1 and early S stages (Lee SE et al., 1997; Takata et al., 1998) .
Studies on the relative importance of NHEJ and HRR in human cells have yielded conflicting results. Using engineered cell clones with unique restriction sites, it has been estimated that HRR accounts for between 10 and 50% of total DSB repair in hamster cells (Sargent et al., 1997; Liang et al., 1998) . In human glioma cells, HRR repairs B10% of I-SceI-generated DSBs, whereas 90% are repaired by end-joining (S Golding and K Valerie, in preparation) . Biochemical DSB repair assays, for example, pulsed-field gel electrophoresis (PFGE), seem to indicate that the majority of radiation-induced breaks are resealed by NHEJ. For example, cells deficient in BRCA1 show a severe decrease in specific HRR-mediated events (Moynahan et al., 1999) , but show no deficiency in overall rejoining (Wang et al., 2001b) . Nevertheless, BRCA1-deficient cells are radiosensitive (Scully et al., 1999) , raising the possibility that like ATM a BRCA1-dependent HRR pathway is required for a subset of difficult-to-repair DSBs whose accurate repair is important for cell survival. Alternatively, HRR may process DSBs at some stage subsequent to initial physical rejoining by NHEJ (Saintigny et al., 2001a; Wang et al., 2001b, c) , in a manner that improves repair fidelity or otherwise increases survival. Measurements of HRR and NHEJ repair at sites of cleavage by rare-cutting enzymes often indicate a relatively higher proportion of HRR (Sargent et al., 1997; Taghian and Nickoloff, 1997; Liang et al., 1998) , but such assays may be prejudiced by the fact that only a subset of the possible rejoining events are detected. During DNA replication, HRR is believed to be more important than NHEJ (Haber, 1999 (Haber, , 2000 . In fact, the generation of DSBs during replication may be a very common event see (Thompson and Schild (2002) for a discussion on the topic).
Nonhomologous end-joining
Despite the controversy over the relative importance of HRR and NHEJ in mammalian cells, it is generally agreed that at least in the G1/G0 phase, the great majority of DSBs are rejoined by NHEJ (Lee SE et al., 1997; Takata et al., 1998) . That the cell uses this somewhat error-prone process rather than HRR is presumably due to the difficulty of matching the damaged sequence to its intact copy on the homologous chromosome (which is typically at a distant site in the nucleus) and bringing the two into close proximity. Nevertheless, rodent and, in some cases, human cells lacking the proteins required for NHEJ are viable -a fact that has greatly facilitated both the cloning of the genes encoding these factors and elucidation of their specific roles in the end-joining process. Known NHEJ proteins include KU, DNA-PKcs, DNA ligase IV, its cofactor XRCC4 (Chu, 1997; Calsou et al., 1999; Karran, 2000; Chen S et al., 2001) , and probably DNA polymerase m and/or (Mahajan et al., 2002) and polynucleotide kinase/phosphatase (PNKP) (Chappell et al., 2002) . Additional candidates for participation in NHEJ include Artemis , the MRE11/ RAD50/NBS1 MRN complex (Huang and Dynan, 2002) , BRCA1 (Zhong et al., 2002) , tyrosyl-DNA phosphodiesterase (TDP1) (Inamdar et al., 2002) and APE1 (Demple and Harrison, 1994; Suh et al., 1997) . Much of the DNA processing associated with NHEJ was first described in Xenopus laevis egg extracts (Thode et al., 1990; Gu et al., 1996 Gu et al., , 1998 Labhart, 1999) , but nearly all the findings from this system have proven valid in the more recently developed mammalian systems (Baumann and West, 1998; Feldmann et al., 2000; Chen S et al., 2001) .
Structural and biochemical properties of end-joining proteins
The KU heterodimer, consisting of a tight complex of KU70 (70 kDa) and KU80 (86 kDa), forms a closefitting asymmetrical ring that threads onto a free end of DNA as a nut on a bolt . Although KU tends to cling to the DNA end, it can translocate into the interior, allowing multiple KU heterodimers to load onto longer DNA molecules (Mimori and Hardin, 1986; Paillard and Strauss, 1991; Cary et al., 1997; Pang et al., 1997; Yaneva et al., 1997) . The end-bound KU occupies approximately 16-18 bp, as indicated by X-ray crystallography , DNase footprinting and ultraviolet crosslinking (Yoo and Dynan, 1999) . Structural studies by cryoelectron microscopy and electron crystallography indicate that the catalytic subunit DNA-PKcs also has an open channel that could accommodate B12 bp of double-helical DNA (Chiu et al., 1998; Leuther et al., 1999) . Ultraviolet crosslinking suggests that when KU recruits DNA-PKcs to a DNA end, DNA-PKcs then occupies the extreme end of DNA, displacing KU B10 bp into the interior (Yoo and Dynan, 1999) . DNase footprinting suggests that this DNA-PK holoenzyme complex occupies a fixed position with a clearly defined boundary B30 bp from the DNA end ( KV Inamdar, SP Lees-Miller and LF Povirk, unpublished) . Formation of the DNA-PK holoenzyme complex (KU and DNA-PKcs) on a DNA end results in activation of its kinase activity (Smith and Jackson, 1999) . However, DNA-PKcs can be activated in the absence of KU as long as the concentration of DNA ends is sufficiently high and the ionic strength sufficiently low to support DNA-PKcs binding to the DNA ends (Hammarsten and Chu, 1998; West et al., 1998) . Studies with various oligomeric substrates suggest that activation involves localized denaturation of the extreme end of DNA and threading of a few bases of the single strands into defined channels (Hammarsten et al., 2000) . Activation is relatively insensitive to structural modifications in these single strands (Weinfeld et al., 1997; Gu et al., 1998; Martensson and Hammarsten, 2002) , suggesting that even severely damaged termini could still activate DNA-PK. Activated DNA-PK phosphorylates a variety of DNA-binding proteins (Anderson and Lees-Miller, 1992) , including several with known or putative roles in end-joining such as KU (LeesMiller et al., 1990; Chan et al., 1999; Labhart, 1999) , XRCC4 (Leber et al., 1998) , WRN (Yannone et al., 2001) and the Artemis nuclease . Activated DNA-PKcs also phosphorylates itself, resulting in its dissociation from DNA (Chan and Lees-Miller, 1996) .
The XRCC4 gene was originally isolated by complementation of radiosensitivity, V(D)J recombination deficiency and DSB repair deficiency of the CHO derivative XR-1 (Li et al., 1995) . As revealed by X-ray crystallography (Junop et al., 2000) , XRCC4 consists of a globular head plus a long (B120 Å ) a-helical tail. In the crystal, four XRCC4 monomers form a dumbbellshaped homotetramer with two globular heads at each end and the ends linked by the four interacting tails. In cells, DNA ligase IV is present in a tight complex with XRCC4 , and ligase IV is not detectable in cells lacking XRCC4 (Bryans et al., 1999) . Ligase IV binds to XRCC4 at a site near the middle of the a-helical tail (Sibanda et al., 2001) .
KU, DNA-PKcs, and XRCC4 all promote end-toend association of linear DNAs, both alone and in concert with each other (Cary et al., 1997; Pang et al., 1997; Yaneva et al., 1997; DeFazio et al., 2002) . Such an association involves interaction between two molecules of KU (Cary et al., 1997) or DNA-PKcs (DeFazio et al., 2002) , one on each DNA end. The effects of KU and DNA-PK on ligation of compatible ends by XRCC4/ ligase IV are complex, under some conditions promoting ligation as much as 20-fold (Nick McElhinny et al., 2000) , while under other conditions inhibiting ligation or favoring inter-over intra-molecular ligation . Binding of XRCC4/ligase IV to DNA-PK is mediated primarily by contacts between KU and ligase IV, and between DNA-PKcs and XRCC4, and the sum of these interactions may be required for stable association of XRCC4/ligase IV with DNA-PK at the DNA termini (Hsu et al., 2001) .
WRN, Artemis and MRE11 are all nucleases with putative roles in end-joining. WRN (Kamath-Loeb et al., 1998; Cooper et al., 2000; Li and Comai, 2000) and MRE11 Trujillo et al., 1998) are 3 0 -5 0 exonucleases with a preference for recessed 3 0 ends, and WRN is stimulated by KU (Cooper et al., 2000; Li and Comai, 2001 ) but inhibited by DNA-PKcs . WRN can displace DNA-PKcs from DNA-PK holoenzyme bound to a DNA end (Li and Comai, 2002) . As discussed later, WRN also has an associated DNA helicase activity important for HRR. Artemis has intrinsic 5 0 -3 0 exonuclease activity, and upon phosphorylation by DNA-PK acquires an endonuclease activity that opens hairpin loops, removes 5 0 overhangs and shortens 3 0 overhangs . Despite clear evidence that deficiency in Artemis nearly ablates V(D)J recombination, this same deficiency is associated with only mild (Btwofold) radiosensitivity, no apparent change in the proportions of accurate vs resection-based end-joining of transfected substrates (Noordzij et al., 2003) , and no gross defect in DSB repair as measured by PFGE (Nicolas et al., 1996; Rooney et al., 2002; SM Yannone and DJ Chen, personal communication) . Inasmuch as complementation of this radiosensitivity by ectopic Artemis expression has yet to be demonstrated, a direct role for Artemis in NHEJ (except in the specific case of V(D)J recombination) is still in doubt.
End-joining of free radical-mediated double-strand breaks
The hallmark of NHEJ is its ability to join noncomplementary and otherwise nonligatable DNA ends. This feature is essential for the rejoining of radiation-induced DSBs, which usually occur by free radical-mediated fragmentation of DNA sugars (Hutchinson, 1985; Isildar et al., 1981; Ward, 1988) . If the stagger between breaks in each strand (which presumably is random) is at least two nucleotide positions, the result will be a DSB with partially complementary 3 0 or 5 0 overhangs and a one-base gap in each strand. The breaks will usually have 5 0 -phosphate (occasionally 5 0 -hydroxyl) termini, while the 3 0 ends will be blocked by phosphates or by deoxyribose fragments, most commonly 3 0 -phosphoglycolate (-PO 4 CH 2 COOH; PG) (Isildar et al., 1981; Henner et al., 1983; Ward, 1988) . In theory, it is possible to repair these breaks accurately by a mechanism consisting of the removal of 3 0 blocking groups, restoration of 5 0 -phosphates, annealing of the residual complementary nucleotides, and fill-in of the one-base gaps followed by ligation (Figure 1 ). There is considerable evidence that cellular end-joining systems have activities capable of carrying out all these processes (Pfeiffer et al., 1994; Roth and Wilson, 1986; Daza et al., 1996; Pastwa et al., 2001; Gu et al., 1996 Gu et al., , 1998 . Moreover, although it is clear that end-joining frequently results in deletions at the repair junction, data from several extract-based systems indicate that breaks with a 2-bp residual complementarity are usually rejoined accurately . For residual complementarities X3 bp, the final ligation can be carried out even if there are mismatches within the complementary sequence (Pfeiffer et al., 1994) , suggesting that accurate repair of a radiation-induced DSB could be completed despite ancillary base damage in the overhangs. Whether a similar degree of fidelity is achieved in vivo is difficult to assess, as most in vivo assays detect only the subset of end-joining events that result in a change of DNA sequence (Phillips and Morgan, 1994; Rouet et al., 1994) . However, there is evidence that blunt ends, at least, are usually joined without deletion of any terminal nucleotides (Povirk et al., 1994; Winegar et al., 1992) .
Two enzymes capable of processing 3 0 -PGs on DSB ends have been identified. The apurinic/apurinic endonuclease APE1 can remove PGs from blunt and recessed 3 0 ends, but not from protruding 3 0 ends (Demple and Harrison, 1994; Suh et al., 1997).
Conversely, TDP1 acts preferentially on protruding 3 0 ends but removes only glycolate, leaving a 3 0 -phosphate (Inamdar et al., 2002) . PNKP can remove 3 0 -phosphates from blunt, recessed or protruding 3 0 termini (Jilani et al., 1999; Karimi-Busheri et al., 1999) . PNKP also phosphorylates 5 0 -hydroxyl ends, and this phosphorylation appears to be coupled to the end-joining process (Chappell et al., 2002) . Kinetic studies show that at least in extracts, much of the PG removal from 3 0 overhangs occurs within the first few minutes, suggesting that it does not require the formation of the full repair complex (Inamdar et al., 2002) . Indeed, the kinetics data suggest that as ends become sequestered by DNA-PK (and possibly additional proteins), PG removal is dramatically suppressed. This result raises the possibility that there may be additional 3 0 -PG processing enzymes that act in the context of the repair complex.
A diverse body of evidence from studies with cell-free extracts and purified proteins implicates both KU and XRCC4/ligase IV in the alignment of partially cohesive ends for gap filling (Cary et al., 1997; Pang et al., 1997; Yaneva et al., 1997; Chen et al., 2000; Feldmann et al., 2000; Chen S et al., 2001; Lee et al., 2003) . The gapfilling polymerase is most likely either DNA polymerase m (POLm or POL l). The efficient use of dideoxynucleotides during end-joining in vitro Thode et al., 1990) implicates some member of the POLX family, which includes POLb, POLl and POLm (Aoufouchi et al., 2000) . However, POLm forms a stable complex with XRCC4/ligase IV on DNA, while POLb does not (Mahajan et al., 2002) . Moreover, the combination of purified KU, POLm and XRCC4/ligase IV can carry out gap filling on DNA ends bearing 3 0 overhangs with a 4-bp complementarity (Mahajan et al., 2002) . These and other results (Lee et al., 2003) suggest that such gap filling occurs in the context of a complex containing these three components. POLm has a domain structure very similar to that of terminal transferase (Aoufouchi et al., 2000) ; thus, the two enzymes may interact with the end-joining complex in a similar fashion but in different situations, with polm catalyzing accurate gap filling in DSB repair, and terminal transferase catalyzing random nucleotide addition without templates in V(D)J recombination. Surprisingly, however, cells from POLm-deficient cells are not radiosensitive (C-A Reynaud, personal communication), suggesting that there may be an alternative gap-filling enzyme. POLl would be the most likely candidate, because like POLm and unlike POLb, POLl has a BRCT (BRCA1 carboxyl terminus) motif (Aoufouchi et al., 2000) , which has been implicated in interaction with XRCC4, based on studies with the corresponding yeast proteins (Tseng and Tomkinson, 2002) . The final ligation step is carried out by XRCC4/ligase IV. Presumably, KU would remain threaded onto the ligated DNA, although this has not been definitively demonstrated.
In contrast to V(D)J recombination, none of the essential steps involved in the repair of radiationinduced DSBs (Figure 1 ) appears to require DNAPKcs. Accurate repair of such breaks can be carried out by extracts of the DNA-PKcs-deficient CHO derivative XR-C1 . Nonetheless, available evidence suggests that DNA-PKcs serves at least two functions. First, DNA-PKcs probably plays a direct role in the initial juxtapositioning of DNA ends, as it is much more efficient in this regard than KU (DeFazio et al., 2002) ; this function may be more important in vivo than in vitro, where DNA ends are relatively abundant.
A second function of DNA-PKcs is to phosphorylate itself. There are at least five sites of DNA-PKcs autophosphorylation, the most frequent of which is T2609 (Chan et al., 2002; Douglas et al., 2002) . CHO cells harboring DNA-PKcs with a T2609A mutation have radiosensitivity midway between normal and DNA-PKcs-deficient cells (Chan et al., 2002) , suggesting that this autophosphorylation is functionally significant. Early studies with extracts of X. laevis eggs suggested that during end-joining, biochemical processing of the termini is preceded by DNA end-to-end association and by a DNA-PK-catalyzed phosphorylation of some protein within the repair complex (Gu et al., 1996 (Gu et al., , 1998 . These and other results have led to the hypothesis that DNA-PKcs sequesters DNA ends, protecting them from degradation until an end-joining partner is found. At this point, the two end-bound DNA-PKcs molecules may synapse, phosphorylate each other and dissociate (or at least relinquish their position at the extreme end of DNA), thereby allowing processing of the aligned ends to proceed (Chu, 1997; Calsou et al., 1999; Karran, 2000; Chen S et al., 2001) . Recent kinetic data suggesting that such synapsis is required for DNA-PKcs activation lend further support to such a model (DeFazio et al., 2002) . This proposal is also consistent with data from in vitro assays using various mammalian cell extracts, showing that end-joining is sensitive to the DNA-PK inhibitor wortmannin only if the extracts contain sufficient DNA-PKcs to sequester quantitatively DNA ends (KV Inamdar, JW Lee and LF Povirk, unpublished) . Similarly, in another system with HeLa cell nuclear extracts, end-joining of simple cohesive DNA ends is initially dependent on DNA-PK activity but loses this dependence as end-joining activity is further purified (Huang and Dynan, 2002) . In apparent conflict with these studies is the finding that extracts of DNA-PKcs-deficient M059J human glioma cells cannot rejoin even simple restriction cuts unless exogenous DNA-PKcs is added (Hanakahi et al., 2000) . This result could be explained by the presence of a second inhibitory protein, which, like DNA-PKcs, must be phosphorylated by DNA-PK in order for end-joining to proceed.
A third possible DNA-PKcs function is to phosphorylate Artemis, which then acquires endonuclease activity that opens hairpins during V(D)J recombination and may also remove or shorten long 3 0 and 5 0 overhangs at the DSBs . Although Artemis-deficient cells show no gross DSB repair deficiency (Nicolas et al., 1996 ; SM Yannone and DJ Chen, personal communication), Artemis may nevertheless be necessary for optimal rejoining of a subset of DSBs with long overhangs. DNA-PK may recruit and coordinate the activity of other NHEJ proteins in ways that may not be apparent in vitro. For example, the functional relevance of DNA-PK-catalyzed phosphorylations of XRCC4, KU70 and KU80 remains to be determined.
A working model for the joining of a specific type of free radical-mediated DSB, with short 3 0 overhangs, is shown in Figure 2 . A revision from previous models (Chu, 1997; Gu et al., 1998; Karran, 2000; is the recruitment of XRCC4/ ligase IV to the repair complex prior to gap filling by POLm or POLl, as suggested by POLm-XRCC4 interactions (Mahajan et al., 2002) and by a requirement for XRCC4/ligase IV in gap filling during end-joining in CHO cell extracts (Lee et al., 2003) . KU is assumed to align the extreme ends of the two DNA molecules. The DNA-binding motif in the globular head of XRCC4 could then bind just distal to KU, potentially positioning ligase IV, which binds to XRCC4 near the center of its C-terminal tail for final ligation of the nicks in each strand (Junop et al., 2000; Sibanda et al., 2001; . Since DNA-PKcs is known to dissociate upon autophosphorylation (Chan and LeesMiller, 1996) and is not required for gap filling and ligation , it seems likely that DNAPKcs relinquishes its position at the extreme end of DNA prior to gap filling, as threading of DNA-PKcs onto the end would appear to sterically preclude proper positioning of the putative end-bound KU/XRCC4/ ligase IV/POLm complex. Precisely when and with what stoichiometry XRCC4/ligase IV binds is not certain. It has been proposed that a single 2:2 XRCC4/ligase IV tetramer could bind to and bridge two DNA ends already aligned by KU . However, X-ray crystallography data suggest that the stoichiometry of the XRCC4/ligase IV complex may be 2 : 1 (as shown in Figure 2 ) rather than 2 : 2. Moreover, the strong interaction between XRCC4 and DNA-PKcs (Hsu et al., 2001) tends to suggest that XRCC4/ligase IV binds before DNA-PKcs dissociates from the complex.
Despite compelling evidence for many features of this model, other diverse data indicate that it is still a 0 blocking groups has not been definitively determined.) DNA-PKcs, when activated by synapsis of the two end-bound DNA-PK complexes, phosphorylates itself and possibly other proteins in the complex, resulting in the release of DNA-PKcs from the extreme end of DNA, and possibly from the complex as a whole. A complex of KU, XRCC4, DNA ligase IV and a DNA polymerase (probably POLm) then forms at the end-to-end junction and catalyzes alignment-based gap filling and ligation (see Figure 1 ), completing the repair process and restoring the original sequence Signal transduction in homologous and nonhomologous end-joining K Valerie and LF Povirk considerable oversimplification. First, in at least one in vitro system, binding of inositol hexaphosphate to KU is required, but it is not known which specific events in the pathway are dependent on such binding (Hanakahi et al., 2000) . Second, although Artemis appears to play only a minor role in repair, it may nevertheless be normally present at some point as part of the repair complex. Third, the recently reported accumulation of nuclear foci of T2609-phosphorylated DNA-PKcs in irradiated cells suggests that either there is significant phosphorylation of DNA-PKcs that is not end-bound, or several DNA-PKcs molecules undergo end-binding, phosphorylation and dissociation prior to rejoining of a break (Chan et al., 2002) . This phenomenon may be related to the large multimeric complexes of DNA and DNA-PK that form under certain conditions in vitro . Fourth, there appear to be additional factors other than DNA-PKcs (one of which may be the MRN complex (Huang and Dynan, 2002) ) that enhance end-joining by KU plus XRCC4/ligase IV. Finally, it is clear from studies with restriction and rarecutting nucleases that even compatible DNA ends sometimes suffer terminal deletions in the course of repair by end-joining (Phillips and Morgan, 1994; Rouet et al., 1994) . As discussed in the next section, these deletions probably involve exonucleolytic 3 0 -5 0 resection and SSA. It is not known what causes this resection-based pathway to be used instead of the more conservative end-joining pathway described above.
When multiple DSBs are formed nearby in a single nucleus, there is also the possibility that the incorrect ends will be joined. Given the severe consequences of DSB misjoining (dicentric chromosomes, acentric fragments and chromosomal translocations), it seems likely that there would be some mechanism to prevent it. Exchanged DSB ends are frequently misjoined Richardson and Jasin, 2000b; Wang P et al., 2002) , but the fact that there is more misjoining in NHEJ-deficient cells than in normal cells (Evans et al., 1996; Rothkamm et al., 2001) suggests that NHEJ has some means, other than just proximity, for identifying the correct ends. One possibility is that overhangs of multiple DSB ends could be compared and those with the best matches preferentially joined. However, there is as yet no direct evidence for such a process.
Single-strand annealing
In addition to the canonical NHEJ and HRR DSB repair pathways, there is a nonconservative process referred to as SSA or strand exposure and repair. The hallmark of SSA is the splicing of two DNA ends at direct repeats in double-stranded regions some distance from the terminus, with retention of only one copy of the repeat and deletion of all sequences between the repeats and the termini (Figure 3) . SSA presumably begins with the generation of ss overhangs on DNA ends by an exonuclease or helicase, followed by annealing of homologies in the exposed strands, trimming of the remaining overhangs and ligation (Thacker et al., 1992) . Both the extent of ss exposure and the length of the annealed homology can range from just a few bases ('microhomologies') to hundreds of bases. At present, there are much conflicting data on the enzymology of SSA, and there may be several wholly or partially independent SSA pathways.
In one pathway of long-homology SSA (Figure 3 ), the DNA ends are first resected by an exonuclease, most likely the MRN complex, to yield long ss overhangs, just as in the initial stage of HRR (see the next section). However, once a homology between the exposed overhangs is found, the homology is annealed, and the protruding ends are trimmed by the ERCC1/XPF nuclease (Adair et al., 2000; Sargent et al., 2000) similar to the situation in yeast with RAD1/RAD10 (Ivanov and Haber, 1995) . Contrary to canonical HRR, this SSA pathway does not need RAD51 but requires RAD52 (Van Dyck et al., 2001) . RAD52 binds to DNA ends and resected DSBs as a heptameric ring structure, which promotes the association between complementary DNA termini.
The enzymology of microhomology-based SSA is less well defined. In vitro studies suggest that this type of repair is initiated by 3 0 -5 0 resection, followed by
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Signal transduction in homologous and nonhomologous end-joining K Valerie and LF Povirk annealing, trimming and ligation. MRE11 has been implicated in the resection step by virtue of its remarkable ability to align two DNA ends and digest one end 3 0 -5 0 , pausing when it encounters a microhomology between the exposed 5 0 overhang and an existing 5 0 overhang on the other DNA end. In vitro, addition of DNA ligase I results in ligation of the existing 5 0 overhang to the resected 3 0 terminus . On the other hand, the WRN helicase/exonuclease is implicated by virtue of its interaction with and stimulation by KU (Cooper et al., 2000; Li and Comai, 2001) . DNase III, which is the dominant 3 0 -5 0 exonuclease in mammalian cell extracts, may also play a role, as it can digest 3 0 overhangs (Hoss et al., 1999; Mazur and Perrino, 1999) , which are relatively resistant to MRE11 and WRN (Kamath-Loeb et al., 1998; Cooper et al., 2000; Huang et al., 2000; Li and Comai, 2000) . Notably, however, a number of in vitro and in vivo studies suggest that microhomology-based SSA, unlike accurate end-joining, can occur in the absence of KU (Gottlich et al., 1998; Kabotyanski et al., 1998; Chen S et al., 2001) . One exception is a study examining the repair at a chromosomally integrated I-SceI site that suggests a requirement for KU (Liang et al., 1996) . Thus, even within the realm of microhomology-based SSA, there may be two distinct pathways, only one of which is KUdependent. Whether RAD52 or ERCC1/XPF is involved in microhomology-based SSA is not yet known.
Altogether, there appears to be no general agreement on how SSA events should be classified. Perhaps longhomology SSA should be considered a branch of HRR, while microhomology-based SSA, even though it may share some of the same enzymology, is more akin to NHEJ.
Mechanism of homologous recombination
In contrast to NHEJ, few details of HRR have been elucidated. In order for this repair process to take place, homologous sequences in the form of sister chromatids, homologous chromosomes or DNA repeats are required. HRR events can be classified according to whether or not they result in crossing-over between the homologous sequences. Generally, HRR is considered error-free and most active in late S/G2 . HRR appears to involve a large number of proteins, including RAD51, RAD52, RAD54, BRCA1, BRCA2, the RAD51 paralogs RAD51b, c, d, XRCC2 and XRCC3, and the MRN complex (Karran, 2000; Thompson and Schild, 2001) . In addition to these factors known to be directly involved in HRR, there are a number of molecules required for triggering DNA damage stress responses that act as 'sensors' for damage that are also important in cell cycle regulation and perhaps in the repair process itself. These sensors include ATM, ATR and DNA-PKcs (for recent reviews, see Abraham, 2001; Durocher and Jackson, 2001) .
A schematic outline of HRR with its variations is shown in Figure 4 . The first event believed to occur during HRR is resection of the DNA to yield singlestrand overhangs. Based on analogy to yeast models, this resection is assumed to be 5 0 -3 0 and to involve the MRN complex; if so, other factors must also be involved as the MRE11 subunit itself has ssDNA endonuclease and 3 0 -5 0 exonuclease, but not 5 0 -3 0 exonuclease activity (Paull and Gellert, 1998; Trujillo et al., 1998) . This step could be controlled by ATM since NBS1 is part of the MRN complex and is a direct substrate for ATM phosphorylation (Lim et al., 2000 OR Figure 4 Homologous recombination. In the earliest stages of DSB repair by HRR, ATM senses and perhaps binds to the DSB, and phosphorylates H2AX, which would then attract BRCA1 and NBS1, also phosphorylated by ATM. BRCA1 may help serve as an anchor and coordinator of the repair events that follow. The MRN complex, most likely with the help of other nucleases, resects the DNA to provide ssDNA overhangs necessary for DNA pairing and strand exchange. Since the MRN complex is only known to possess 3 0 -5 0 but not 5 0 -3 0 exonuclease activity, other nucleases might be involved. The 5 0 -3 0 resection shown in the figure is based on the yeast HRR model, in which 3 0 overhangs are essential intermediates. BRCA2, attracted to the DSB by BRCA1, facilitates the loading of RAD51 onto RPA-coated DNA overhangs with the help of RAD51 paralogs that in turn attract RAD52 and RAD54, perhaps with the help of the BLM and/or WRN helicases. The tumor suppressor P53, known to interact with BRCA1, RAD51, BLM and WRN, is also likely found in this DNA-protein complex. BLM and WRN interact with Holliday junctions. From this point, there are two possibilities to finish HRR: (1) either by noncrossing-over in which case the Holliday junctions disengage and DNA strands pair followed by gap filling, or (2) by a crossing-over resulting from Holliday junction resolution and gap filling. It is not known as to which DNA polymerase and ligase are involved in the polymerization and ligation steps Signal transduction in homologous and nonhomologous end-joining K Valerie and LF Povirk subunit of MRN has ATPase activity that is believed to facilitate DNA unwinding (Paull and Gellert, 1999) , whereas the NBS1 subunit appears to be important for nuclear transport and for transmitting signals from DNA damage sensors to MRN (Gatei et al., 2000b; Lim et al., 2000; Wu et al., 2000; Zhao et al., 2000; DesaiMehta et al., 2001) . RAD51, the equivalent of the bacterial RECA protein (Shinohara and Ogawa, 1999) , and its paralogs, together with RPA (human singlestrand binding (SSB) protein), RAD52 and RAD54 promote ATP-dependent homologous DNA pairing and strand exchange (Baumann et al., 1996; Gupta et al., 1997) . The RAD51, protein forms nucleoprotein complexes on ss DNA tails coated by RPA to initiate strand exchange. The RAD51 paralogs act as accessory proteins and are believed to facilitate the action of RAD51, as appears to be the case in yeast with RAD55 and RAD57 (Sung, 1997) . The RAD52 and RAD54 proteins act at an early point in HRR (for a recent review, see Thompson and Schild, 2001 ). RAD52 helps RAD51 form DNA exchange intermediates and in vitro studies have demonstrated that RAD52 forms ring structures consisting of seven RAD52 monomers forming a hole that interacts with both ss and dsDNA (Van Dyck et al., 1998 . The RAD54 protein has ATPase activity and is related to DNA helicases; however, so far no in vitro helicase activity has been detected (Swagemakers et al., 1998) . On the other hand, RAD54 does change the topological status of nicked plasmid DNA in vitro by demonstrating negative super-coiling activity (Tan et al., 1999) . Thus, it is possible that RAD54 helps RAD51 and RAD52 unwind the DNA at the DSB to facilitate access of other repair factors. RAD54 might act as a gatekeeper between HRR and homology-directed SSA since RAD54 influences the cell's choice of repair by either inhibiting SSA or promoting HRR (Dronkert et al., 2000) .
The proteins mutated in inherited forms of breast cancer, BRCA1 and BRCA2, are also involved at an early point of DSB repair. Recently, it was demonstrated that BRCA2 interacts with RAD51 and RPA at the DSB and helps load RAD51 onto the DNA or to organize RAD51 filaments (Yang et al., 2002a) . Immunoprecipitation experiments suggest that BRCA1 and BRCA2 associate with RAD51 in vivo (Scully et al., 1997b; Sharan et al., 1997; Chen et al., 1998) . BRCA1 and BRCA2 are physically associated with DSB repair foci, together with RAD51 and PCNA (Scully et al., 1997b; Chen et al., 1998; Moynahan et al., 1999 Moynahan et al., , 2001 ). Similar to ATM (Smith et al., 1999a) , BRCA1 binds to DNA in vitro (Paull et al., 2001) . ATM directly phosphorylates BRCA1 and c-ABL, which then phosporylates RAD51 on several sites Cortez et al., 1999; Xu et al., 2001 Yuan et al., 1998) . Altogether, BRCA1 and BRCA2 are believed to be important at early points of HRR and perhaps coordinate repair with other cellular processes. Although considerable indirect evidence suggests that BRCA1 plays a direct role in HRR, the repair effects could be indirect through cell cycle control (Deming et al., 2001 ).
It is believed that the RECQ-like 3 0 -5 0 helicases encoded by the BLM and WRN genes, associated with Bloom's syndrome (BS) and Werner's syndrome (WS), are also important in HRR (for recent reviews, see Hickson et al., 2001; Shen and Loeb, 2001 ). Both BS and WS are genetic recessive disorders that lead to increased cancer and premature aging. There is relatively strong evidence for an involvement of the BLM helicase in HRR because BLM interacts with Holliday junctions , is phosphorylated by ATM (Ababou et al., 2000; Franchitto and Pichierri, 2002) , and forms foci with RAD51 after IR exposure . The BLM helicase is also part of the BRCA1-associated genome surveillance complex (BASC) believed to act as a sensor of DNA damage . On the other hand, the WRN helicase is also a 3 0 -5 0 exonuclease . Similar to BLM, the WRN protein can use the Holliday junction as substrate (Constantinou et al., 2000) , and WS cells appear to have a defect in the resolution step of HRR (Saintigny et al., 2002) . The WRN protein interacts with a number of proteins involved in DSB repair including RPA, KU and P53, and WRN is phosphorylated by DNA-PK . Moreover, the lack of WRN is associated with deletions at DNA ends that are repaired by end-joining (Oshima et al., 2002 ) (see an earlier section), suggesting that WRN may be involved in NHEJ as well.
Following sister-chromatid pairing and strand invasion of DNA overhangs, HRR can go in either of two directions. Noncrossing-over, resulting from disengagement of the Holliday junction followed by DNA pairing and gap filling in the damaged homologue, appears to be strongly favored during HRR in mammalian cells . This is quite different from the classical path, in which the Holliday junctions are resolved by endonucleolytic cleavage, with an equal probability of yielding either a crossover or a noncrossover event. Finally, the gaps are filled in by DNA polymerase and the breaks sealed by ligase. However, the DNA polymerase and ligase necessary for this step have not been identified as yet. In the case of radiationinduced DSBs, 3 0 -terminal blocking groups would also have to be removed prior to gap filling, but it is not known when this occurs in the pathway or by what enzyme(s) it is catalyzed.
Attempts to assess the biological consequences of defects in specific HRR factors have been hampered by the embryonic lethality of many mouse knockouts targeting genes involved in HRR. For example, RAD51 and the RAD51 paralogs, RAD50, NBS1, MRE11, BRCA1 and BRCA2 are all essential genes (for a recent review, see (Thompson and Schild, 2002) ). RAD54 knockout mice are viable, and embryonic fibroblasts of HRR-defective RAD54 knockout mice are radiosensitive (Essers et al., 1997 (Essers et al., , 2000 . RAD54 deficiency does not confer radiosensitivity in otherwise normal adult mice, but further enhances the radiosensitivity of NHEJ-deficient Scid mice (with a mutation in DNA-PKcs). These results suggest that HRR may be a more important repair component in embryonic cells than in normal adult somatic cells. Studies of both knockout mice and repair-deficient cultured cells suggest that disruption of any factor involved in HRR results in chromosomal instability and (for those defects that are not lethal) cancer predisposition (Thompson and Schild, 2001; van Gent et al., 2001) .
Altogether, HRR is critical for maintaining genomic integrity, in part because of its role in DSB repair. While the majority of DSBs are rejoined by NHEJ, the role of HRR is enhanced in embryonic cells and late S/G2-phase cells. In some situations, such as during DNA replication, HRR improves DSB repair fidelity and, as a result, increases cell survival following IR. Thus, HRR may be required for efficient and accurate repair of a specific subset of DSBs that are refractory to NHEJ alone.
Signal transduction pathways regulating DSB repair
PIKKs as DNA damage sensors IR and other genotoxic stresses have effects on transcription, DNA synthesis, cell cycle regulation and apoptosis (for recent reviews, see Dasika et al., 1999 and Bernstein et al., 2002) . However, little is known about the role of DNA damage-induced signaling important for the actual repair of DSBs. The DNA damage sensors, ATM, ATR and DNA-PK, all phosphorylate P53 and a number of proteins involved in DSB repair (Durocher and Jackson, 2001 ). All three proteins belong to a large family of proteins referred to as phosphatidylinositol 3-kinase-like kinases (PIKKs) (Durocher and Jackson, 2001) , which mediate and coordinate responses to DNA damage including cell cycle checkpoints, apoptosis and DNA repair. These PIKKs are large (350-450 kDa) proteins that have associated kinase activites and phosphorylate protein targets on serine or threonine residues followed by glutamine (Kim et al., 1999) . These sensors are believed to act in large complexes that monitor the genome for DNA damage, and upon encountering damage, signal to other proteins and coordinate the cellular response. One such putative damage-sensing complex is BASC . In addition to ATM, BASC also includes BRCA1, the mismatch DNA repair proteins MSH2, MSH6 and MLH1, the MRN protein complex and DNA replication factor C (RFC), a protein complex that facilitates the loading of proliferating cell nuclear antigen (PCNA) onto DNA .
In addition to having PI3 K domains, ATM and ATR also have similar mTOR/FRAP-like catalytic domains. In fact, this similarity is how the ATR cDNA was first isolated after a computer DNA homology search . The targets of phosphorylation are very similar for ATM and ATR (Kim et al., 1999) , but since only the latter is essential they must serve different functions (Brown and Baltimore, 2000; de Klein et al., 2000) . It is generally believed that ATR is important for sensing UV and other types of bulky damage, whereas ATM is the damage sensor for IR-and radiomimetic drug-induced DNA damage. ATR, however, serves as a backup for ATM (Abraham, 2001) . Furthermore, ATR appears to be the primary sensor of replicative blockade resulting from DNA lesions other than DSBs or by mechanisms other than direct DNA damage such as those occurring in response to DNA synthesis inhibitors.
The role of DNA-PK signaling in cell cycle regulation and apoptosis is less clear than for ATM and ATR. In contrast to an early report suggesting a role for DNA-PK in checkpoint control in response to DSBs (Woo et al., 1998) , more recent studies (Rathmell et al., 1997; Burma et al., 1999; Jhappan et al., 2000) , support a role for DNA-PK in apoptosis but not in cell cycle checkpoints. The evidence for DNA-PK signaling important for NHEJ is based on studies that have shown that during NHEJ, initial binding of DNA ends by KU is followed by recruitment of DNA-PKcs, resulting in activation of its kinase activity (Gottlieb and Jackson, 1993; Lees-Miller et al., 1990) . Protein kinase inhibitors, such as wortmannin, inhibit NHEJ in vitro (Gu et al., 1996 (Gu et al., , 1998 Chen S et al., 2001) , suggesting that the kinase activity of DNA-PK is important for NHEJ in mammalian cells. However, a separate study suggested that DNA-PK is not necessary for NHEJ but is for sensing the damage (Cheong et al., 1999) . It is also possible that DNA-PK recruits other factors such as XRCC4/ligase IV onto the DSB or allows for subsequent DNA processing, which could perhaps require signaling.
AT cells are extremely sensitive to radiation and radiomimetic agents (Painter and Young, 1980) , display radioresistant DNA synthesis (RDS) (Painter, 1981) , and show defects in G1, S and G2 checkpoint regulation (for a recent review, see Abraham (2001) ). ATM regulates the G1 checkpoint by directly phosphorylating P53 at S15 and by phorphorylating CHK2 at T68. CHK2, in turn, phosphorylates P53 at S20. Furthermore, ATM phosphorylates the P53 inhibitor MDM2 at S395, attenuating, in part, the inhibitory potential of MDM2 on P53 nuclear-cytoplasmic shuttling (Maya et al., 2001) . ATR is believed to serve as a parallel G1 checkpoint regulator and backup for ATM-CHK2 signaling by phosphorylating P53 at S15 and CHK1 at S345. CHK1 then also phosphorylates P53 at S20. All in all, through the combined phosphorylation of P53 at S15 and S20, and MDM2 at S395, P53 is stabilized and able to activate transcriptionally a number of P53-responsive genes, including the CDK inhibitor P21
waf1 , which results in cell cycle arrest in G1/S or, alternatively, apoptosis.
When cells are irradiated in G2, ATM also regulates the G2 checkpoint by phosphorylating CHK2 at T68, which in turn inhibits CDC25C phosphatase that prevents cyclin B-CDC2 kinase from promoting G2/M transition. CDC25C is also inhibited through the ATR-CHK1 pathway. This arm of the G2 checkpoint is believed to occur primarily when cells are irradiated in G1 and S. Recently, it was discovered that ATM phosphorylates CHK1 at S317 in an NBS1-dependent fashion, suggesting that the ATR and ATM signaling pathways are not parallel pathways, but rather that significant crosstalk and backup mechanisms exist between ATR and ATM in G1 and G2 checkpoint control (Gatei et al., 2003) .
In S phase, the PIKK sensors have to deal with the complexity and coordination of both DNA replication and repair. A hallmark of AT is RDS, which could be the result of impairing two separate, parallel signaling pathways (Falck et al., 2001 (Falck et al., , 2002 . First, in response to IR during S phase, ATM phosphorylates CHK2, which in turn phosphorylates CDC25A, a protein phosphatase acting on the cyclin E/A-CDK2 complex, important for the G1 to S transition and for the initiation of replication. The phosphorylation of CDC25A results in degradation of the protein and the inhibition of DNA synthesis in normal cells. CDK2 is also required for loading of CDC45 onto replication origins, and thus the CHK2/CDC25A/CDK2 arm or the pathway could control the initiation of new replicons in cells already in S, which is blocked following irradiation in normal cells but not AT cells (Painter, 1981; Falck et al., 2002) . However, complete loss of this 'intra-S' checkpoint appears to require abrogation of both the CHK2 and NBS1 branches of the pathway (Falck et al., 2002) . The second signaling pathway is also triggered by ATM that phosphorylates NBS1 on at least three sites, S343, S397 and S615 (Gatei et al., 2000b; Lim et al., 2000; Wu et al., 2000; Zhao et al., 2000) , which might signal to the MRN complex and repair machinery and promote DSB repair. BRCA1 is also an important target for ATM and ATR phosphorylation in the S-phase checkpoint (Cortez et al., 1999; Gatei et al., 2000a; Tibbetts et al., 2000) . Some BRCA1 phosphorylation sites are shared between ATM and ATR, and some are unique (Gatei et al., 2001) , reflecting parallel and somewhat overlapping functions of these two PIKKs in S-phase checkpoint regulation.
Another target for ATM and ATR phosphorylation in S phase is the 9-1-1 complex (Thelen et al., 1999; Burtelow et al., 2001; Lindsey-Boltz et al., 2001) . Both the 9-1-1 complex and PIKKs are required for CHK1 activation in fission yeast in response to IR (Brondello et al., 1999) . RAD9, HUS1 and RAD1 form the heterotrimeric 9-1-1 complex believed to act as a clamp similar to PCNA during DNA replication. The RAD17 protein is believed to act as a clamp loader together with four subunits of RFC constituting the RAD17-RFC factor. ATM/ATR phosphorylates RAD9 at S272, and RAD17 on S635 and S645 (Bao et al., 2001; Chen MJ et al., 2001; Post et al., 2001) . Conceivably, the 9-1-1 complex might sense DNA damage during S phase with the help of ATM and/or ATR and modulate DNA replication. RDS may reflect an impairment in this process. However, a recent finding suggested that the loading of the 9-1-1 complex onto chromatin is independent of ATM/ATR, implying that any regulatory aspects of PIKKs must be a proximal event in checkpoint signaling (Roos-Mattjus et al., 2002) . Whereas it is quite clear that PIKKs and the 9-1-1 complex are required for CHK1 activation and the G2 checkpoint, it is not presently known what association the 9-1-1 complex has with DSB repair.
Caffeine, a xanthine derivative, is an abrogator of the IR-induced G2 checkpoint (Schlegel and Pardee, 1986) , the duration of which seems to depend on P.53 (Iliakis and Nusse, 1983) (Powell et al., 1995) . Caffeine in the low millimolar range inhibits ATM and ATR, but not DNA-PK in vitro (Sarkaria et al., 1999) , and abolishes the G2 checkpoint by inhibiting ATM and subsequently the activation of CHK2 and CDC25C (Blasina et al., 1999; Zhou et al., 2000) . DSB repair is also affected by caffeine. Recently, a study showed that caffeine inhibited HRR but not NHEJ in hamster cells (Asaad et al., 2000) , but the evidence for a lack of effect on NHEJ was only indirect. More work is needed to demonstrate unambiguously a specific and direct participation of ATM in HRR in mammalian cells and human cells in particular.
ATM targets involved in DSB repair
As the regulatory roles of ATM and ATR overlap to a large extent and ATM is more relevant to IR-induced DSB signaling and repair, we will focus our review on ATM. Genetic studies using highly recombinogenic chicken lymphoblastoid DT40 knockout cells have demonstrated that ATM and KU70 act in separate DSB repair pathways as would be expected if the HRR and NHEJ pathways were affected, respectively (Morrison et al., 2000) . In line with this finding, double knockout DT40 (ATM RAD54) cells were more similar to single knockout cells in their radiosensitivity, suggesting that RAD54 and ATM act in the same DSB repair pahway, that is, HRR (Morrison et al., 2000) . Thus, ATM seems to control specifically HRR in this system.
A direct role for ATM in DSB repair has not been conclusively demonstrated except for correlative findings. DNA damage caused by neocarzinostatin (a drug causing radiomimetic DNA damage (Povirk, 1996) ) results in ATM tightly associating with DNA, suggesting that ATM binds directly to DSBs (Andegeko et al., 2001) . This finding is supported by in vitro studies showing that ATM binds to the ends of DNA (Smith et al., 1999a) . The ATM kinase appears to be stimulated by DNA in vitro, but this property is controversial and may depend on how ATM is purified from cells (Kim et al., 1999; Smith et al., 1999a; Chan et al., 2000) . What is clear is that divalent cations such as Mn 2 þ stimulate the in vitro kinase activity of ATM, perhaps by mimicking the effect of DNA on ATM (Durocher and Jackson, 2001; Jackson, 2001) . Recently, two studies showed that ATM autophosphorylation is important for the activation of the associated kinase (Bakkenist and Kastan, 2003; Kozlov et al., 2003) . It was proposed that ATM is sequestered in unperturbed cells as a dimer with its kinase domain interacting with an internal domain of a neighboring ATM molecule spanning S1981 (Bakkenist and Kastan, 2003) . After DNA damage, one ATM molecule phosphorylates its dimer partner at S1981, dissociating the dimer and making the ATM kinase free to phosphorylate other substrates in the cell. It was also proposed that ATM might get activated by sensing changes in chromatin structure as a result of the DSBs and not necessarily by directly binding to the DNA (Bakkenist and Kastan, 2003) .
In any case, ATM by an as yet undefined mechanism senses DSBs and phosphorylates proteins directly involved in HRR, such as the NBS1 part of the MRN complex, the BLM helicase and BRCA1 ( Figure 5 ). ATM phosphorylates NBS1 at S343, S397 and S615 (Gatei et al., 2000b; Lim et al., 2000; Zhao et al., 2000) , BLM at T99 and T122 (Beamish et al., 2002) , BRCA1 at S1387, S1423 and S1524 (Gatei et al., 2001; Xu et al., 2001 , and RAD51 at T54 and T315 indirectly through c-ABL Yuan et al., 1998) . Recently, it was also shown that SMC1, a protein possibly involved in various processes associated with chromosome maintenance and DNA repair, is phosphorylated at S957 and S966 by ATM . However, a direct role of SMC1 in DSB repair has not yet been established.
It is not known whether phosphorylation of these factors is stimulatory or inhibitory to DSB repair. Many of these phosphorylated proteins have been found in 'repair foci' Schultz et al., 2000; Wang B et al., 2002) , that is, DSB repair or events associated with this process have been scored in irradiated cells by colocalization or 'foci formation' of proteins involved in DSB repair using immunohistochemistry. The formation of these foci was explained as the colocalization of MRE11 and RAD50, or alternatively RAD51, but not both at sites of DSBs (Maser et al., 1997; Nelms et al., 1998) . Since then a number of studies have reported that these and other factors form these foci. At this point, it is not clear whether these foci constitute repair-competent complexes, completed repair or the accumulation of proteins that failed to repair the damage (for a discussion on the topic, see .
The earliest recorded event (1-3 min) during foci formation is the phosphorylation of histone H2AX at S139 by ATM or other wortmannin-sensitive PIKKs Burma et al., 2001) , followed by colocalization of BRCA1, RAD54, and either RAD50 or RAD51 (Scully et al., 1997a; Nelms et al., 1998; Tan et al., 1999; Gatei et al., 2000b; . Whether both ATM and ATR initiate H2AX phosphorylation necessary for DSB repair is uncertain (Mirzoeva and Petrini, 2001; . The phosphorylation of H2AX is believed to serve as a focal point for the assembly of repair proteins at the DSB since cells that do not express H2AX show impaired recruitment of NBS1, 53BP1 and BRCA1, but not RAD51, to irradiation-induced foci .
Other recently identified proteins that seem important for DSB sensing and focus formation are the 53BP1 and NFBD1/KIAA0170 proteins (Iwabuchi et al., 1994; Schultz et al., 2000; Anderson et al., 2001; Rappold et al., 2001; Xu and Stern, 2002) . The former protein is believed to function as a transcriptional coactivator with P53 and has a BRCT domain resembling the RAD9 protein. NFBD1/KIAA0170 is a nuclear factor with an amino-terminal FHA (forkhead-associated) domain and a tandem repeat of BRCT domains. These domains are present in a number of proteins involved in DNA repair and/or DNA damage signaling pathways. Both proteins are regulated by ATM and are found in foci after exposure of cells to IR or other DNA damaging agents (Shang et al., 2002; Xu and Stern, 2002) . 53BP1 is phosphorylated by ATM (Rappold et al., 2001) and is part of the complex associated with early recognition/ processing of the DSB, also containing phosphorylated H2AX, CHK2 and BRCA1 Wang B et al., 2002) .
Recently, it was demonstrated that cells from H2AX knockout mice are extremely sensitive to radiation but are proficient in V(D)J recombination (Bassing et al., 2002a) , suggesting that NHEJ is left intact in these cells. Thus, at a minimum, DNA damage-induced signaling facilitates DSB repair by invoking cell cycle checkpoints, modulates HRR and perhaps determines the balance between HRR and NHEJ. In addition, signaling could have more direct effects on the repair machinery itself (see Figure 5) . The DSB repair factors RAD51, BRCA1 Brca1 S1387, S1423, S1524 Figure 5 Proteins important for regulating DSB repair. A DSB attracts ATM, or other PIKK that phosphorylates H2AX at S139, which in turn attracts BRCA1 and NBS1, which also become phosphorylated by ATM. NBS1 is part of the MRN nuclease/ helicase complex believed to resect the DNA to obtain ssDNA overhangs. ATM phosphorylates c-ABL at S465, resulting in the dissociation of an ATM-c-ABL-BRCA1 complex. Activated c-ABL in turn phosphorylates RAD51 at T54 and/or T315, which could lead to increased repair (T315) or apoptosis (T54). BRCA2 (not shown), perhaps attracted to the DSB by binding to BRCA1, helps load T351-RAD51 onto RPA-coated ssDNA overhangs (RPA is phosphorylated in response to IR in an ATM-dependent manner but the site(s) and the kinase catalyzing the phosphorylation are not known (Liu and Weaver, 1993; Wang et al., 2001a) . Blm helicase is phosphorylated by ATM at T99 and T122, which could then control and help RAD51 and it's paralogs (not shown) promote DNA pairing and strand exchange. P53 is phosphorylated by ATM at S15 and binds to BLM, BRCA2 and RAD51, which could coordinate the repair process with cell cycle regulation and apoptosis. The balance between HRR and NHEJ could also be modulated by P53. FANCD2, which interacts with BRCA1 and BRCA2, is phosphorylated by ATM at S222. FANCD2 seems to be important for processing DNA and/or for modulating S-phase HRR directly. The checkpoint kinase CDK2 is phosphorylated by ATM at T68 at the DSB contributing to G2/M arrest and may also help cells arrest in G1/S. Only proteins known to be phosphorylated by ATM and their partners important for DNA repair are shown
Signal transduction in homologous and nonhomologous end-joining K Valerie and LF Povirk and NBS1 are indirect or direct targets, respectively, for ATM-mediated phosphorylation, and P53 may participate directly in repair (Mummenbrauer et al., 1996) or affect the balance between HRR and NHEJ and other processes, such as cell cycle regulation and apoptosis (Bernstein et al., 2002) . The multiple processes triggered by DSB signaling are intertwined, making it difficult to ascribe any given aspect of the DNA damage response to a specific signaling pathway or process, complicating the interpretation of how these proteins work.
Role of P53 and other tumor suppressors in DSB repair
One protein that could regulate the cell's choice of using HRR or NHEJ is P53 (Gebow et al., 2000) . However, the exact role of P53 in the repair of DSBs remains controversial, in particular when it comes to NHEJ. There are several reasons for this confusion. The multifactorial nature of P53 function on DNA repair, cell cycle regulation and apoptosis complicates any analysis attempting to attribute a specific effect of P53 on any given process. The use of different assays with different cells makes it difficult to make any general conclusions. A further complication is that HRR and NHEJ are rarely examined in the same study. Nevertheless, in vitro studies demonstrate that P53 binds both ss and dsDNA (Oberosler et al., 1993; Bakalkin et al., 1994) , possesses a 3 0 -5 0 exonuclease activity and promotes DNA reannealing (Oberosler et al., 1993; Mummenbrauer et al., 1996) . Furthermore, P53 also binds to mismatches and three-stranded DNA substrates (Lee et al., 1995; Dudenhoffer et al., 1998) , and to Holliday junctions, thereby facilitating their resolution (Lee S et al., 1997) ; complexes with and inhibits RAD51 (Sturzbecher et al., 1996; Buchhop et al., 1997) ; interacts with BRCA2 (Marmorstein et al., 1998) ; complexes with BLM and WRN (Blander et al., 1999; Spillare et al., 1999; Wang XW et al., 2001) ; and regulates the BLM and WRN helicase activities on Holliday junctions in vitro (Blander et al., 1999; Spillare et al., 1999; Wang XW et al., 2001; Yang et al., 2002b) . Ectopic overexpression of wild-type P53 suppresses HRR on extrachromosomal and chromosomal DNA substrates . In contrast, mutant P53 expression or inactivation of wild-type P53 increases HRR several orders of magnitude Bertrand et al., 1997; Mekeel et al., 1997; Dudenhoffer et al., 1998 Dudenhoffer et al., , 1999 Saintigny et al., 1999) . Altogether, these findings suggest that P53 is intricately involved in monitoring and suppressing the DNA strand exchanges in complexes with RAD51, BRCA2, BLM and WRN during HRR.
The relation between P53 and NHEJ is even less clear and somewhat contradictory (Bill et al., 1997; Yang et al., 1997; DiBiase et al., 1999; Tang et al., 1999) , possibly because of the use of different cell types and assays in different studies. A recent report using an ISceI endonuclease-based cell system in human leukemic and lymphoblastoid cells demonstrated that expression of wild-type P53 in P53 null cells inhibits HRR as well as microhomology-directed NHEJ. Thus, P53 may restrain DNA exchange between imperfectly homologous sequences (Akyuz et al., 2002) . More studies are needed to confirm these findings using chromosomal substrates instead of DSBs generated by a rare-cutting endonuclease and under conditions when other P53 effects are controlled.
Studies comparing the effects of wild-type and mutant P53 indicate that wild-type but not mutant P53 suppresses end-joining (Bill et al., 1997) . Phosphorylation-mimicking P53 mutants (S15D and S37D) and wild-type P53 were equally effective in binding DNA ends and protecting them against 5 0 -3 0 exonuclease attack, but showed marked differences in suppression of end-joining activity (Okorokov et al., 2002) . It was suggested that ATM-or DNA-PK-directed S15 phosphorylation is required for relieving P53-dependent suppression of end-joining and for the disassembly of P53 from the repair complex at the DSB instead of facilitating end-joining. This scenario allows for potential crosstalk between DSB repair and other cellular processes affected by P53, such as cell cycle control and apoptosis. Further investigations in this area will help establish whether specific post-translational P53 modifications are needed for DSB repair that may be different from those required during, for example, apoptosis.
The tumor suppressors BRCA1 and BRCA2 have clear associations with DSB repair. BRCA1-deficient cells, like AT cells, are extremely radiosensitive, are impaired in G2 checkpoint arrest following irradiation, and show RDS . The first indication of a role for BRCA1 in DSB repair came with the discovery that BRCA1 associates with RAD51 in 'foci' (Scully et al., 1997a) and binds to the MRN complex (Zhong et al., 1999) . The latter process seems important for endjoining in vitro (Zhong et al., 2002) . Later studies confirmed that BRCA1-deficient cells are also impaired in HRR (Moynahan et al., 1999) . BRCA2 binds directly to RAD51, is required for RAD51 complex formation in vivo (Bertwistle and Ashworth, 1998; Katagiri et al., 1998; Marmorstein et al., 1998; Yuan et al., 1999; Yang et al., 2002a) , and seems to affect HRR but not NHEJ (Xia et al., 2001) . In addition, ATM phosphorylates a BRCA1-binding protein, CtIP, that results in the dissociation of BRCA1 and CtIP and the transcriptional activation of GADD45 . However, whether dissociation of BRCA1 and CtIP occurs in the process is controversial (Wu-Baer and Baer, 2001) . Interestingly, BRCA1 and BRCA2 are only found in higher eucaryotes, suggesting that these proteins are required to deal with the greater complexity of larger genomes and the interplay between DNA repair and other cellular processes only found in higher eucaryotes.
Similar to AT, Fanconi anemia (FA) is a rare, recessively inherited chromosomal instability disease with eight complementation groups (A, B, C, D1, D2, E, F and G). All six known FA genes have been cloned (A, C, D2, E, F and G) (for recent reviews, see Ahmad et al. (2002) and Grompe and D'Andrea (2001) ). The B and D1 complementation groups were shown to have homozygous mutations in BRCA2, suggesting that these Signal transduction in homologous and nonhomologous end-joining K Valerie and LF Povirk genes are the same as BRCA2 (Howlett et al., 2002) . Cells from FA patients are sensitive to drugs that cause DNA crosslinks, such as mitomycin C (Friedberg et al., 1995) . However, FA cells are only mildly sensitive to IR. The FA complex interacts with BRCA1, directly linking the FA proteins to DSB repair (Garcia-Higuera et al., 2001) . In response to DNA damage, the FaNCA, C, E-G proteins form a complex that monoubiquitinates FaNCD2, which results in nuclear colocalization with BRCA1 (Garcia-Higuera et al., 2001) . Recently, it was demonstrated that the FaNCD2 protein is directly phosphorylated by ATM on S222, a step necessary for the S-phase checkpoint in response to IR . Owing to the close ties with the BRCA1, BRCA2 and ATM proteins, it is believed that the FA proteins are involved in the processing of DNA after DNA damage, but do not necessarily play a direct role in DSB repair, although a direct role for FA proteins in DSB repair in vitro was recently reported (Donahue and Campbell, 2002) .
Crosstalk between signaling pathways important for DSB repair
HRR and NHEJ interactions
It should be noted that NHEJ and HRR are not necessarily independent, since the coordinated action of both pathways is invoked by the cell in order to repair a DSB with minimal error (Richardson and Jasin, 2000a; Saintigny et al., 2001a) . Thus, despite their apparent redundancy, both HRR and NHEJ repair pathways are required to maintain genomic integrity, even in the absence of a specific genotoxic insult. Several studies in hamster cells have suggested that when NHEJ is impaired, HRR seems to increase and vice versa (Richardson and Jasin, 2000a; Allen et al., 2002) . Furthermore, cells obtained from DNA-PKcs-deficient Scid mice that are impaired in NHEJ and V(D)J recombination show normal and even compensatory levels of HRR (Pluth et al., 2001) . There is a reported interaction between ATM and DNA breaks at the site of V(D)J recombination (Perkins et al., 2002) , suggesting that ATM also plays a role in NHEJ and V(D)J recombination. Altogether, different types of DSB repair are intricately linked together in a dynamic fashion with cell cycle regulation, but with sufficient flexibility to allow for redundancy and backups should one factor or type of repair fail.
Growth factor receptor and mitogenic signaling
In addition to inducing DSBs, IR also triggers cytoplasmic signaling pathways (e.g., growth factor receptors and downstream kinases) to stimulate growth signaling cascades to the nucleus (Reardon et al., 1999; Schmidt-Ullrich et al., 2000) . It has been difficult to dissociate these signaling events from those induced by DNA damage, and thus any means of activating one and not the other would be extremely helpful for dissecting nuclear vs. cytoplasmic signaling effects on DSB repair. It is not yet certain as to whether IRinduced growth factor receptor activation results from 'inside-out' signaling from DSBs to the cell membrane or more directly from IR-induced free radicals within the membrane (Figure 6 ). However, ATM is known to be important for epidermal growth factor (EGF) stimulation since activation of the EGF receptor is defective in AT cells and sustained stimulation of cells with EGF downregulates ATM protein in normal but not in AT cells Keating et al., 2001) . Furthermore, expression of another important receptor, insulin growth factor I receptor (IGF-IR), appears to require ATM since it was demonstrated recently that AT cells express low levels of IGF-IR and show decreased IGF-IR promoter activity compared with wild-type cells, which can be rescued by transfection of IGF-IR cDNA (Peretz et al., 2001) . At the same time, with increasing IGF-IR expression, radioresistance also increases, suggesting that ATM functions as a link between IGF-IR expression and radiosensitivity (Peretz et al., 2001) . In a related study, it was demonstrated that IGF-IR downregulation in mouse melanoma cells resulted in increased radiosensitization, reduced S18 (equivalent to human S15) P53 phosphorylation in response to IR, and radiation-resistant DNA synthesis (Macaulay et al., 2001) . Thus, signaling through the regular networks of growth factor receptors and downstream cytoplasmic kinases, including cascades that promote survival, is likely to influence the quality of DSB repair and cell fate after IR exposure. 
Stress signaling
The involvement of stress signal transduction pathways, including the JNK and P38 pathways in the regulation of DSB repair, is almost completely unknown, but there are several findings that link these pathways to the DSB sensor ATM. For example, it is known that AT cells are abnormal in signaling through the JNK/c-JUN pathway (Hallahan et al., 1996; Lee et al., 1998; Zhang et al., 1998) . Recently, a dual-specificity phosphatase of the MAP kinase phosphatase family, MKP-5, was found to be downregulated in AT cells after exposure to neocarzinostatin (Bar-Shira et al., 2002) . MKP-5 dephosphorylates and inactivates the stress-activated MAP kinases JNK and P38. Thus, ATM appears to affect these stress responses when triggered by DSBs. In line with these findings, the AP-1 transcription factor, comprising members of the JUN and FOS families, is constantly active in the brains of ATM-deficient mice not treated with DNA damaging agents (Weizman et al., 2002) . Whereas normal mice are capable of responding to IR by activating stress responses such as the AP-1 pathway, ATM-deficient mice show higher basal AP-1 activity but gradually lose their ability to activate AP-1 DNA binding activity in response to IR, suggesting that inactivation of ATM results in a state of constant stress (Weizman et al., 2002) . A link between JNK/c-JUN signaling and ATM is provided by c-ABL, which binds to MEKK-1, an upstream kinase in the SEK-1/JNK pathway (Kharbanda et al., 2000) . In response to DNA damage, c-ABL activates MEKK-1, which in turn phosphorylates and activates JNK. Since ATM activates c-ABL in response to DNA damage (Baskaran et al., 1997b; Shafman et al., 1997) , it is possible that the ATM-c-ABL-JNK-c-JUN pathway is abnormal in AT cells. Recently, it was suggested that ATM also acts through the MKK6/P38 MAPK pathway in human carcinoma cells to regulate the G2 checkpoint in response to radiation . It was suggested that the activation of P38g is dependent on ATM and leads to activation of CHK2. However, it is not known whether MKK6/P38 signaling affects DSB repair.
In contrast to the multiple links between HRR and the overall DNA damage response, the only welldocumented implication of end-joining factors in signaling is the DNA-PKcs-catalyzed phosphorylation of P53 involved in some forms of apoptosis. This phenomenon was first reported in thymocytes of DNAPKcs knockout mice, which failed to undergo P53-dependent apoptosis following irradiation . More recently, formation of DNasesensitive complexes of P53 and DNA-PKcs, leading to phosphorylation of P53 on S18 (equivalent to human S15) and subsequent apoptosis, was reported in irradiated mouse embryonic fibroblasts, although only when G1 arrest was abrogated by expression of the adenovirus E1A protein (Woo et al., 2002) . Similar complexes have been seen in lymphoblasts treated with the DNA chain-terminating nucleoside gemcitabine, with similar consequences (Achanta et al., 2001) . The apparent conflict between these data and a report of an intact P53-dependent apoptotic response in another DNA-PKcs-deficient mouse strain remains to be resolved (Jhappan et al., 2000) . There has been one report implicating DNA-PK in the JNK-mediated stress response and the association of JNK proteins with KU and DNA-PKcs being enhanced by DNA damage (Park et al., 2001) .
Consistently, data from DNA-PKcs-deficient cells suggest that P53 stabilization and ATM/P53-mediated cell cycle arrest is independent of DNA-PK (AllalunisTurner et al., 1997; Rathmell et al., 1997; Burma et al., 1999; Jimenez et al., 1999; Jhappan et al., 2000; . On the other hand, KU-or DNA-PKcsdeficient cells show prolonged intra-S-phase arrest Zhou et al., 2002) , and DNAPKcs-deficient cells also show prolonged G2/M arrest (Allalunis-Turner et al., 1997). These results suggest a possible role in the recovery from arrest, but the possibility that this phenomenon may be due to the deficiency in DSB repair, rather than any direct role of KU or DNA-PK in cell cycle signaling, has not been resolved. The MRN complex, as discussed above, may link end-joining to cell cycle signaling, but this link is still tenuous in mammalian cells. Other than the local autophosphorylation, primarily on T2609, of DNAPKcs at each DSB (Chan et al., 2002 Douglas et al., 2002 , there is no evidence for global self-regulation of end-joining by DNA-PKcs or other end-joining factors.
Altogether, in response to IR numerous signaling events occur simultaneously, originating in the nucleus, cytoplasm and plasma membrane. Whereas the radiation-induced activation of GFRs results in triggering downstream kinase cascades in accordance with the regular network, it is not known how nuclear signaling results in the activation of extranuclear kinases (see Figure 6 ). The communication between the nucleus and cytoplasm and how this signaling modulates DSB repair and other DNA damage-induced cellular processes are thus of great interest.
DSB repair and apoptosis
In addition to the crosstalk and coordination between different types of DSB repair, there is also a balance between pro-and antisurvival mechanisms that potentially modulates repair (reviewed in Bernstein et al. (2002) ). As ATM phosphorylates H2AX, P53, NBS1, BRCA1 and CHK2, and these proteins are found at the DSB (Scully et al., 1997a; Ward et al., 2001; Celeste et al., 2002) , ATM could be directly involved in the damage recognition and repair process of DSBs. It is also possible that some of these posttranslational changes are not associated with increased DSB repair but rather with faulty or incomplete repair. For example, S15 phosphorylation of P53 is associated with apoptosis rather than repair, whereas dephosphorylation in the carboxy-terminus may be more important for repair (Offer et al., 2002) . DSB repair and apoptosis are two processes that likely counteract each other after Signal transduction in homologous and nonhomologous end-joining K Valerie and LF Povirk cellular insult such as radiation (Bernstein et al., 2002) , a concept emphasized by the fact that many of the factors involved in DSB repair are also partaking in apoptosis, for example, ATM and ATR , DNA-PK Woo et al., 2002) , BRCA1 (Thangaraju et al., 2000) and P53 . It is also known that ATM directly phosphorylates the transcription factor E2F1, which results in increased P73 (a P53 analog) expression and apoptosis in the absence of P53 (Irwin et al., 2000; Lin et al., 2001) . In response to high doses of IR, ATM is cleaved by a protease consistent with caspase 3 (Smith et al., 1999b; Tong et al., 2000) , generating a kinase-inactive ATM that retains its DNA binding ability. This cleavage product could act as an inhibitor of DNA damage signaling and repair and thus direct the cell toward destruction instead of survival. ATM is required for apoptosis in mouse thymocytes and differentiated neurons Lee and McKinnon, 2000) . The latter process depends on both P53 and BAX (Chong et al., 2000; Lee and McKinnon, 2000) . DSB repair is positively affected by the overexpression of proteins involved in antiapoptotic processes, such as BCL-2 and BCL-XL (Saintigny et al., 2001b; Wiese et al., 2002) , suggesting that prosurvival factors enhance DNA repair.
One protein that could modulate DSB repair and the balance between repair and apoptosis is c-ABL (for a review, see Kharbanda et al. (1998) ). Although c-ABL is involved in many cellular processes it seems to play a particularly important role in apoptosis in response to DNA damage. ATM phosphorylates c-ABL at S465 after DNA damage (Baskaran et al., 1997a) . c-ABL in turn phosphorylates RAD51 at T54 and T315 Chen et al., 1999) . Whereas T54 phosphorylation inactivates the ability of RAD51 to bind DNA and presumably promotes DNA strand exchange , T315 phosphorylation is associated with increased RAD51 and HRR activity since this step promotes an interaction with RAD52 . Thus, under certain conditions, depending on the cell cycle and the extent of damage, phosphorylation at T54 might inhibit HRR and result in apoptosis, whereas under different conditions, T315 phosphorylation might enhance HRR and at the same time suppress apoptosis. Since inactivation of the RAD51 gene results in embryonic lethality in mice (Tsuzuki et al., 1996) , kills chicken DT40 cells , and RAD51-plays such an important and exclusive role in HRR, the c-ABL-RAD51 complex might act as a gatekeeper between increased repair and cell survival, and inhibition of repair and cell death.
The decision between repair and apoptosis in response to IR may also depend on the disassembly of a complex formed between c-ABL, BRCA1 and ATM (Foray et al., 2002) . These three factors interact constitutively, suppressing the c-ABL kinase under normal conditions. After irradiation, ATM phosphorylates both BRCA1 and c-ABL and as a consequence disrupts the complex, which stimulates the c-ABL kinase. This process might affect repair and apoptosis.
Altogether, there are very close ties between processes important for DSB repair and apoptosis. Phosphorylation of critical factors occurs as a result of both processes. Until there are experimental systems that allow for examination of repair effects without any influence of apoptosis, causative links between specific protein modification and effects on repair are difficult to assess.
Concluding remarks
The last few years have produced a wealth of new information about DSB repair and the importance of signaling in stress responses that affect cell cycle regulation, apoptosis and DSB repair. In the years to come it will be important to dissect these responses in more detail. For proteins that function in multiple pathways, it will be challenging but ultimately essential to define the individual catalytic activities and proteinprotein interactions that are required in each individual pathway. It will be particularly important to identify the post-translational modifications that directly affect DSB repair and to determine whether these modifications have positive or negative effects on the efficiency and fidelity of repair. Based on this knowledge, it should also be possible to design novel, molecular approaches that target DSB repair and signaling for the treatment of cancer.
